Background: A subset of COPD-patients presents with eosinophilic airway inflammation. While treatment of asthmatic patients with the GATA3-specific DNAzyme SB010 attenuated sputum eosinophilia after allergen challenge, this specific treatment has not been evaluated in patients with COPD. Our objective was to evaluate the feasibility and safety of inhaled SB010 in COPD patients with sputum eosinophilia. Methods: We conducted a randomized, double-blind, placebo-controlled, multicentre clinical trial in COPD-patients with sputum eosinophilia (≥2.5% non-squamous cells). Patients inhaled 10 mg SB010 bid or matching placebo via the controlled inhalation system AKITA2 APIXNEB for 28 days. Endpoints included the feasibility of the study (primary), patient's safety, sputum eosinophils, F E NO, lung function, symptoms, and biomarkers. The study was registered in the German Clinical Trials Register: DRKS00006087.
Background
Chronic obstructive pulmonary disease is characterized by persistent respiratory symptoms and an airflow limitation that is due to airway and/or alveolar abnormalities [1] . The airway inflammation of COPD patients is usually neutrophilic [2] , but in a subgroup of COPD patients (up to 40%, depending on the definition) eosinophilic airway inflammation can be detected [3] [4] [5] . Sputum eosinophil count has been suggested as a biomarker for steroid responsiveness (inhaled and systemic) in these patients [6, 7] .
Because eosinophil-mediated inflammation may play a role in COPD, it could be clinically useful to modify the biological pathways that evoke this type of inflammation. The zinc finger transcription factor GATA3 activates type 2 helper T cells (Th2 cells), leading to an increased production of interleukins-(IL) 4, 5, and 13 [8, 9] . IL-5, in turn, is known as the main driver for eosinophilic recruitment and activation [10, 11] . The same transcription factor GATA3 also acts in type 2 innate lymphoid cells (ILC2 cells) and leads to a production of a similar, even though not identical cytokine pattern, including IL-5, IL-13 and, to a lesser extent, IL-4 [12] [13] [14] , which might mediate airway eosinophilia in nonallergic asthma and COPD [15] . In a recently published study, the anti-IL-5 monoclonal antibody mepolizumab led to a significant reduction of exacerbations in COPD patients with an elevated baseline blood eosinophil count [16] .
DNA enzymes (DNAzymes) are single-stranded synthetic DNA antisense molecules that catalyse cleavage of specific RNA strands [17, 18] . The DNAzyme hgd40 (the active drug product in SB010) specifically binds to the messenger RNA (mRNA) of GATA3 and cleaves this target mRNA [19] . In murine models of allergic airway inflammation SB010 statistically significantly reduced GATA3 mRNA and subsequently led to a reduced production of Th2-specific cytokines [20] . In a recently published phase 2a trial, inhaled SB010 statistically significantly attenuated asthmatic responses in patients with allergic asthma and decreased Th2-mediated inflammatory profile including sputum eosinophilia [21, 22] .
Here we assessed the feasibility of inhaling SB010 in patients with eosinophilic COPD for a larger subsequent trial. Furthermore, we evaluated the safety and efficacy of SB010 in this COPD subpopulation.
Methods

Study design and study population
We performed a randomized, double-blind, placebocontrolled, multicentre, phase 2a clinical study of SB010 in COPD patients with moderate to severe airflow obstruction (defined as a post-bronchodilator FEV 1 of > 30%predicted to < 80%predicted and a post-bronchodilator FEV1/FVC less than 0.7) and the presence of sputum eosinophilia (≥2. 5% non-squamous cells). The study was approved for all centres by the ethics committee at the University of Marburg as leading ethics committee (AZ: 149/13 A-ff, Jan 2014). After obtaining informed consent, patients were examined at a screening visit to assess eligibility for the trial (medical history, blood tests, drug testing, spirometry, sputum induction, and training for the AKITA inhalation device). Eligible patients were randomized in a 1:1 ratio by a central organisation (Centre for Clinical Trials, University of Marburg). During the following treatment period (28 days), patients inhaled 10 mg SB010 bid or matching placebo via the controlled inhalation system AKITA2 APIXNEB for 28 days. After the first inhalation of the investigational medicinal product (IMP, SB010) or placebo at day one, patients were closely monitored for 12 h at the centre, including regular assessment of lung function. Short clinical visits on a weekly basis (adverse events, vital signs, pharmacokinetic testing) ensured patient's safety during the treatment period. At day 28, the last inhalation of the IMP was performed at the study centre. Subsequently, patients underwent serial lung function testing until 12 h after the inhalation manoeuvre. Induced sputum was performed at screening and day 29. A final follow-up visit was scheduled for 4 weeks later. Additional details regarding the study flow and the schedule of assessments can be found in Additional file 1: Figure S1 and Additional file 2: Table S1 .
The primary endpoint was the feasibility of the study. Based on available literature regarding sputum eosinophilia in COPD (defined as sputum eosinophils ≥2.5%) and conservative estimates, we expected a screening to randomization ratio of 1:5 [23] . Exploratory endpoints included patient's safety, sputum eosinophil count, fraction of exhaled nitric oxide (F E NO) at a flow rate of 50 ml/s, spirometry (FEV 1 and FVC), symptom scores, and exploratory biomarkers.
Throughout the study, patients continued to use their concomitant COPD medication that could include inhaled corticosteroids. To exclude carry-over effects of changes in baseline medication, the concomitant medication had to be stable for at least one month before study start. Patients had to be able to inhale in an appropriate manner from the AKITA2 APIXNEB device. The main exclusion criteria were the presence of other relevant pulmonary diseases (e.g. history of asthma, known active tuberculosis, history of bronchiectasis) or history of thoracic surgery, a clinically relevant acute infection in the last 4 weeks prior to informed consent, chronic infections, and other. The complete list of inclusion and exclusion criteria is given in Additional file 3: Table S2 .
Assessments
The following assessments were performed according to current guidelines: spirometry (FEV 1 , FVC) [24] , sputum induction [25] , measurements of F E NO at a flow of 50 ml/s [26] , pharmacokinetic measurements, COPD Assessment Test (CAT) [27] , and St. George's Respiratory Questionnaire (SGRQ) [28] . Exploratory biomarker analysis was performed in sputum and plasma (including signature cytokines for T cell subpopulations and a broad panel of pro-inflammatory innate cytokines and chemokines) as described in the supplemental methods. Time points for these assessments can be seen in Additional file 2: Table S1 .
Statistical analysis
Since the study represented a feasibility study, a formal sample size calculation was not conducted. A total of twenty included subjects were defined as sufficient to assess whether the study design would be suitable for a larger phase III clinical trial. Data are presented as mean ± standard deviation (SD) or percentage values unless stated otherwise. To assess within and between group differences in continuous variables, P values were calculated using the Wilcoxon signed rank test and exact Wilcoxon two-sample test, respectively. Because of the small sample size, P values were also calculated by the parametric equivalents (paired and independent t test) for verification but not reported. Differences between groups in categorical variables were tested using Fisher's exact test. Tests were two-sided, P values < 0.05 were considered statistically significant. The software package SAS version 9.4 (SAS Institute Inc., Cary, NC, USA) was used for all statistical analyses, GraphPad Prism Version 7.01 (GraphPad Software, Inc., La Jolly, CA, USA) was used to draw the figures.
Results
Study population
Between August 2014 and August 2016, 130 patients were screened and 23 patients were enrolled (Fig. 1) . The three most important reasons for screening failure (multiple reasons per patient possible) were missing sputum eosinophilia (n = 104), inability to inhale via the AKITA2 APIXNEB inhalation system (n = 17) and a post-bronchodilator lung function not meeting the inclusion criteria (FEV 1 /FVC < 0.7; FEV 1 30-80% predicted; n = 9). During the treatment period, 4 patients discontinued prematurely (Fig. 1) .
Enrolled patients were predominantly male (15 male, 8 female), 63.3 ± 8.5 years of age, had a BMI of 25.8 ± 4.7, and a mean post-bronchodilator FEV 1 49.4% predicted. IgE levels were higher in the Placebo group, while patients treated with SB010 were slightly more eosinophilic (Table 1 ). Baseline characteristics of the Fig. 1 Trial Flow: 23 out of 130 screened patients (screening failure rate 82%) were randomized in a 1:1 ratio to receive SB010 (10 mg bid) or matching placebo. The dropout rate was 3/12 in the SB010 arm and 1/11 in the placebo arm. Reasons for dropout in the SB010 arm were not related to the study drug in 2 cases and may have been study drug-related in one case (mild AE in conjunction with patient's wish). ITT: Intention-to-treat population; PP: Per-Protocol population. *Numbers for single screening failure reasons do not add up to total number, because two or more reasons could co-exist in one patient intention-to-treat population (all enrolled patients, n = 23) are given in Table 1 , while baseline characteristics of the per protocol population (patients that completed the 28 days of double-blind treatment, n = 19) are displayed in Additional file 4: Table S3 .
Exploratory efficacy analyses
Comparing sputum eosinophilia before and after 28 days of treatment in the per protocol population, SB010 significantly reduced the relative sputum eosinophil count (Fig. 2a , Table 2 ). By contrast, no significant changes occurred in placebo-treated patients (Fig. 2a , Table 2 ). Comparing the deltas (pre/post) between the two groups, we did not find a statistically significant difference (Fig. 2b) . Similar results were obtained regarding the absolute number of sputum eosinophils, however, the effect was not statistically significant (SB010: p = 0. 06; Placebo: p = 0.54; Table 2 ).
Other cell types remained mainly unaffected by 28 days' treatment with SB010 or matching placebo ( Table 2) .
FENO levels decreased during the treatment period under SB010 treatment and slightly increased during follow-up, while an opposite trend was seen in placebotreated patients (Fig. 3) .
To provide a mechanistic explanation for the SB010-associated reduction of sputum eosinophilia, we performed exploratory biomarker analysis in sputum and plasma before and after the treatment period (Additional file 2: Table S1 ). SB010 significantly increased plasma IFN-γ (p = 0.02; p = 0.03 for comparing the deltas), while this was not observed in placebo-treated patients (p = 0. 92; Fig. 4a and b) . A trend towards a reduction of plasma IL-5 levels was observed in the SB010 group that was opposite in the placebo group (4C); the difference between the deltas was not statistically significant (4D). IL-13 was not detectable in the majority of samples. Other exploratory biomarker analyses did not further clarify a potential mechanism of SB010 (Additional file 5: Table S4 and Additional file 6: Table S5 ).
Additionally, a broad spectrum of pro-inflammatory and chemotactic mediators was assessed in both blood and sputum, including pro-inflammatory cytokines IL-1α, IL-6, IL-18, and TNFα and the chemokines IL-8, MCP-1, MIP-1α and MIP-1β. Comparing day 1 with day 28, none of these mediators showed a statistically significant change under SB010 treatment. This may indicate that SB010 treatment did not induce and/or stimulate acute inflammatory responses related to the activation of innate immune cells (data not shown). Furthermore, no relevant differences were observed for sputum cytokine levels (Additional file 5: Table S4 ).
Lung function (FEV 1 trough or peak; Fig. 5a and b) or health status assessments (CAT or SGRQ; Fig. 5c and d ) or blood eosinophils did not change statistically significantly in either group.
Adverse events
Adverse events occurring at any time during the course of the study after the first administration of investigational drug were counted once per patient. If a patient 
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Displayed are the mean ± SD, the median (25% -75%) in the second row; P values were calculated by the two-sided Wilcoxon signed rank test. All values are given for the per protocol population. As tests for normality were based on small sample sizes, paired t tests were also performed for each variable yielding the same results with regard to statistical significance except for neutrophils (%) in the SB010 group. # p < 0.05 tested with paired t test number of adverse events that were rated as possibly, probably or certainly related to the study drug was identical (n = 3) in both groups. The only serious adverse event during the study (colitis that led to hospitalization) occurred in the placebo group. A detailed summary of adverse events can be found in Additional file 7: Table S6A and B, and Additional file 8: Table S7 . In conclusion, SB010 was safe and well tolerated in the COPD treatment group.
Discussion
To the best of our knowledge, this is the first study of a DNAzyme-based therapeutic approach in COPD patients. We could demonstrate that it is feasible to reduce sputum eosinophilia in the sputum eosinophil-high subgroups of COPD patients inhaling the GATA3-specific DNAzyme SB010 over a period of 4 weeks. This was the first trial evaluating a GATA3-specific substance in a population of COPD patients with eosinophilic airway inflammation. We demonstrated the feasibility for a larger trial, as we met our expectations regarding the enrolment to screening ratio (we expected 1:5; we found a ratio of 1:5.7 with regard to eligibility and a ratio of 1:5 with regard to sputum eosinophils ≥2.5%). The relevance of an eosinophilic signal in COPD is a matter of debate, since sputum and blood eosinophils may serve as a biomarker for responsiveness towards inhaled corticosteroids [29] [30] [31] and anti-IL-5-directed therapies [16, 32] . Interestingly, it has been recognized that alternative pathways (Th2-mediated vs. ILC2-mediated pathways) can result in an eosinophilic airway inflammation [14, 15] . Because GATA3 is involved in both pathways, it seems reasonable to target this molecule when treating patients with an eosinophilic airway inflammation. -treated patients (a) . The deltas (pre/post) were statistically higher in SB010-treated patients as compared to placebo-treated patients (b). There was a trend towards a reduction of plasma IL-5 in the SB010 group that was opposite in the placebo group (c), however with no significant difference between the deltas (d). Data are displayed as mean ± SEM. P values were calculated by the two-sided Wilcoxon signed rank test for pre/post differences and the exact Wilcoxon two-sample test for the comparison of the deltas SB010 has been evaluated in asthmatic animal models and human studies: In a murine model of allergic airway inflammation, SB010 statistically significantly reduced GATA3 mRNA and led to a subsequently reduced production of Th2-specific cytokines [20] . In a recently published phase 2a trial, inhaled SB010 statistically significantly attenuated asthmatic responses after allergen challenge in patients with allergic asthma and decreased the Th2-mediated inflammatory profile including blood interleukin-5 and sputum eosinophilia [22] . This effect was more prominent in patients exhibiting higher baseline eosinophil blood count [21] . While both trials and disease entities are clearly different, it is interesting to see that the percentage point reduction of sputum eosinophilia based on relative sputum eosinophils (− 6.4%) observed in our trial is roughly of the same magnitude as seen in the asthma trial. To the best of our knowledge, this is the first time that an effect of a DNAzymebased therapy has been observed in a COPD study population.
Comparing our treatment strategy to other antieosinophilic therapies in COPD, there is one study applying the interleukin-5 receptor antibody benralizumab available. Brightling et al. randomly assigned 101 patients to receive placebo or benralizumab. Benralizumab depleted the sputum eosinophil count, which was associated with a decrease of the number of exacerbations in the high eosinophilic subgroup of patients [32] . Another pair of clinical trials evaluated the interleukin-5 antibody mepolizumab in COPD. In a combined analysis, a greater effect of mepolizumab, as compared with placebo, on the annual rate of moderate or severe exacerbations was found among patients with higher blood eosinophil counts at screening [16] . In our study, SB010 markedly reduced the sputum eosinophil count (10.7 ± 12.3 to 4.4 ± 5.4; p = 0.004), but clinical efficacy (e.g. reduction of exacerbations) needs to be demonstrated in larger studies.
The marked reduction in sputum eosinophils was in part paralleled by a numerically slight decrease in F E NO, which increased again during follow-up; in placebo, an opposite trend was observed. In order to analyse the relationship between possible changes in adaptive T cell responses and the observed decrease in eosinophils following SB010 treatment, signature cytokines of Th1, Th2, Th17 and Treg cells were measured in patients' plasma samples. A significant increase in IFN-γ (signature cytokine for Th1 T cells) levels were observed following SB010 treatment. In contrast, no significant changes were detected for the Th2 cytokine IL-5 (even though a trend for reduced IL-5 levels was observed), and IL-13 was not detectable in the majority of samples. Therefore, we have no clear indication whether SB010 treatment would change the qualitative or quantitative composition of Th2 cells in the peripheral blood of this patient population. Regarding adverse events that were rated as possibly, probably or certainly related to the study drug, numbers were equal in both groups. The number of all reported adverse effects was higher in SB010 than in placebo. As no single event was experienced by more than two patients in either group (with the exception of headache, n = 3 in SB010), we do not regard this as an alarming signal. The slightly higher number of adverse events in the organ class "respiratory, thoracic and mediastinal" needs attention in further studies. Taken together, although slightly higher numbers of AEs occurred in the verum group as compared to placebo, SB010 seemed to be safe and was not associated with any serious adverse events in the studied COPD population.
Our study clearly has limitations. First, it is a small number of patients included. This resulted in marked differences in the baseline characteristics of both treatment arms, being the baseline sputum eosinophil count the most important one. Therefore, the observed effect of the active treatment could be seen as regression towards the mean rather than a clear direct effect on sputum eosinophilia. On the other hand, all individual relative sputum eosinophil counts decreased in SB010-treated patients while an undirected change was observed in placebo-treated patients (Additional file 9: Figure S2a -c). Further differences between both arms included a strikingly higher serum IgE count in the placebo arm which was associated with a higher reversibility (median 0.17 L after bronchodilation as compared to median 0.13 L in the SB010 arm). However, if these discrepancies influenced the results, we would expect that his would have decreased the "real" effect, as higher IgE and higher reversibility would reflect a higher variability and -maybe -a higher responsibility for Th2-targeted therapy. A further point of discussion is whether COPD patients with eosinophilic airway inflammation may be denominated more precisely as smoking asthma patients [1, 33, 34] . However, asthma patients (based on their clinical history) were excluded from the trial, and the percentage of patients being on inhaled corticosteroids was not higher than in other interventional or observational studies [35, 36] . The strength of our study is that we were able to confirm that -based on a biomarker signal of elevated sputum eosinophils -a reduction in airway eosinophilia can be achieved by the GATA3-specific DNAzyme similar to the reduction observed in in asthma patients before [21, 22] . This provides further evidence that the GATA3 pathway is also involved in patients with eosinophilic COPD.
In summary, we demonstrated the feasibility of a study of a DNAzyme in a subgroup of COPD. The results of this phase 2a, randomized, double-blind, placebo-controlled, multicentre clinical trial of SB010 in COPD patients with sputum eosinophilia strengthen the hypothesis that a Th2-regulated airway inflammation can be modified in a subgroup of COPD patients.
Conclusions
The results of our randomized clinical trial in COPD patients with sputum eosinophilia demonstrate that a Th2-regulated airway inflammation can be effectively attenuated by inhalation of the GATA3-specific DNAzyme SB010. Further studies with a larger number of patients and longer duration of treatment are needed to further assess clinical efficacy (e.g. reduction of exacerbations) and long-term safety in patients with this phenotype of eosinophilic COPD.
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